The tectonic evolution of island arcs and lithospheric fragments in southeastern Asia is complex because of the interaction of several lithospheric plates ( Fig. 1A ) (1) (2) (3) . Without sufficient land-based paleomagnetic measurements and information about the structure of the deep Earth, the relative plate motion in this complex plate boundary zone has often been reconstructed from data on ocean-floor spreading of the major oceanic plates using geometrical fits on a sphere (4) . Seismic imaging provides information about Earth's interior structure that helps understanding of the geological history. Here, we focus on the northward subduction of the complex Indo-Australian Plate along the Sunda arc (from northwestern Sumatra, along Java, to Flores).
In the east, continental lithosphere (Australia) has been colliding with the Banda arc since about 5 million years ago (Ma) , whereas further to the west, the oceanic part of the Indo-Australian Plate subducts beneath the Java trench. The age of the subducting ocean floor varies from 50 to 90 Ma along Sumatra to 100 to 135 Ma and 140 to 160 Ma near Java and Flores, respectively. The lateral variation of the nature and age of the subducting plate influences the style of deformation and seismicity along the Sunda arc (5) . Earthquakes with focal depths of up to 670 km occur in the steeply dipping (-60°) seismic zone beneath the Java arc, but there is a seismic gap between depths of 350 and 500 km (6) (7) (8) . Beneath Sumatra, the seismic zone dips 30° to 45°, but there are no earthquakes deeper than 300 km, which has been attributed to the relatively young age of subducted lithosphere (8, 9) .
We inferred from the tomographic im-ages that the slab is continuous across the seismic gap beneath Java and that there is a pronounced seismic anomaly in the lower mantle. This is in good agreement with conclusions based on previous tomographic studies (10, 11) , even though different data sets and reference Earth models were used, leaving little doubt that the deep Java slab is a realistic structural feature. In addition, we (i) present evidence for a lower mantle anomaly beneath Sumatra and for the detachment of the upper mantle slab from the deeper slab, (ii) explore the substantial lateral variation in slab morphology, and (iii) discuss the geological evolution of the lithospheric slab, which seems to be more complex than that of the western Pacific subduction zones (12, 13) .
We investigated mantle structure beneath the Indonesian region (Fig. 1A) by means of tomographic images produced by linearized inversion of travel-time data of direct P phases and the surface-reflected depth phases pP and pwP (14, 15) . The radially stratified iasp91 model (16) was used as a global reference for the seismic velocities and for the tracing of the ray paths. The inclusion of the depth phases improved the sampling of mantle structure away from the seismic zones, in particular beneath the back arc regions (Fig. 1, A and  B) , and provided constraints on earthquake focal depth. The hypocenters and phase data used were derived from the reprocessing of the entire data catalog of the International Seismological Centre, which involved nonlinear hypocenter relocation and phase reidentification (17). This data set was augmented by data from the Australian Skippy project (18). We used about 1.3 million data, constituting a linear system of about 275,000 equations (19), from nearly 17,000 earthquakes within the study area recorded at one or more of over 2000 seismological stations worldwide. Following Fukao et al. (10) , we inverted both regional and global structure simultaneously to minimize contamination of our regional model 4t by heterogeneity elsewhere. For the parameterization of the model space by means of local basis functions, we used blocks with lateral dimensions of 10 by 10 within the study region (Fig. 1B) and approximately equal area blocks of 5° by 5° at the equator (Fig. IC) .
From our inversions, we infer that the subducted slab is defined by a laterally continuous region of higher than average Pwave velocity in the upper mantle, transition zone, and lower mantle (Fig. 2) . In the upper mantle ( Fig. 2A) , the image of the slab parallels the present-day Sunda arc and the Molucca collision zone. In the mantle transition zone (Fig. 2B) We investigated the reliability of the images with various resolution tests (21).
As an example, we discuss the use of a model slab designed specifically for the assessment of the lower mantle slab and the complex structure beneath Sumatra. In the upper mantle, the model slab is characterized by a narrow zone of high seismic velocditty along the island arcs (Fig. 2D, inset) ; in wthe transition zone, positive velocity anomalies were assigned to the mantle beneath Java and Banda, leaving a gap beneath Sumatra (Fig. 2E, inset) ; and in the lower mantle, the model slab consists of an eastwesttrending high-velocity anomaly (Fig.  2F, inset) . From this artificial model, we computed synthetic data using the same path coverage as in the inversion of reported phase data and added random errors. Subsequently, we inverted the synthetic data and compared the output with the known model slab. The result (Fig. 2, D through F) demonstrates that the main features of the model slab are adequately resolved from the noisy data. Locally, uneven sampling produces spurious features in the images. In the mantle region of our interest, the amplitude of this undesirable structure is less than 10% of that of the main structures and is therefore not visible in Fig. 2 , D through F. Assuming that the data contain enough structural signal, we conclude from this and other tests that the sampling by Pand pP-wave paths is sufficient to map structural features with lateral dimensions of more than 150 and 300 km in the upper and lower mantle, respectively, and that image distortion owing to uneven sampling is too small to invalidate our conclusions based on the large-scale structure.
The complexity of the inferred slab structure is further illustrated by vertical sections across the Sunda and Banda arcs (Fig. 3) .
Beneath the western end of the curved Banda subduction complex, the dip of the high-velocity anomaly decreases abruptly in the transition zone (Fig. 3A) , in agreement with the observed seismicity within the slab (6, 22) . Further west, the Indo-Australian Plate dips steeply beneath the Java arc and is only partially outlined by a seismic zone (Fig.  3 , B and C). In the seismic gap, between 350 and 500 km in depth, we detected higher than average seismic velocities with small amplitudes. We tested whether this reduced signature of the slab is significant by inverting synthetic, noisy data computed from model slabs that are either continuous or discontinuous across the seismic gap. These inversions indicated that the Java slab is probably continuous and that the amplitude reduction in the seismic gap may be realistic, which may suggest a thinning or "necking"
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of the Java slab (23) . The Java slab seems to deflect in the uppermost lower mantle', and the continuation of flow to even larger depths is offset to the north (Fig. 3 , B and C). The kink in the slab gradually decreases toward the west, and the lower mantle slab is almost vertically below the northwestern tip of Sumatra (Figs. 2C and 3D) . The detection of a positive velocity anomaly in the lower mantle beneath Sumatra (Fig. 3D) suggests that the deep part of the slab is detached from the seismogenic slab. Examination of anomaly maps for different depth intervals suggests a northwestward increase of the depth range in which the fast slab is absent because of the decrease of the depth to the leading edge of the upper mantle slab. The precise geometry of the detachment zone cannot, however, be established conclusively from the images.
The three-dimensional shape of the Sunda slab as inferred from Figs. 2 and 3 is summarized in Fig. 4 . Assuming that this interpretation is correct, we now discuss a plausible scenario that relates the threedimensional slab structurein particular, (i) the slab in the lower mantle, (ii) the kink in the slab, (iii) its lateral variation, and (iv) the slab detachment beneath Sumatrato the geological history of the arc system. Thin dashed lines indicate the study area. Arrows indicate the direction of plate motion relative to the Eurasian Plate. Small dots depict epicenters of earthquakes used in this study (17). Abbreviations: MCZ, Molucca collision zone; PNG, Papua New Guinea. (B) Surface reflection points of pP and pwP waves (dots). The pP and pwP Waves initially propagate upward from the source and are reflected at the land-air and water-air interfaces, respectively, to distant receivers. In the absence of seismological stations and shallow events in the back arc regions, depth phases sample mantle structure beneath these regions better than direct P waves. The grid of nonoverlapping blocks of horizontal dimension 1° by 10 depicts the parameterization used inside the study region. Recovery of a slab model designed from the inversion results in (A) through (C) (see inset in lower lett hand corners for input at each depth interval). Velocity perturbations in the input model are set to 5, 4, and 3% relative to iasp91 for the slab in the upper mantle, transition zone, and lower mantle, respectively, and zero elsewhere. Artificial random errors between 1.0 and + 1.0 s for P and 1.5 and +1.5 s for pP were added to the synthetic data. We used an input model with spatial characteristics similar to the slab structure inferred from the data inversion (A through C) to assess the effect of damping (14, 21) . For the lower mantle, we applied a slightly larger damping. Amplitude recovery is 60% at best for all depth levels considered: the anomalies in (A) through (C) are underestimated accordingly by at least 40%. All from, for instance, Fig. 38 can be explained by viscosity layering alone but does not conclusively rule out a controlling effect of the phase boundary with a moderately negative Clapeyron slope or a small increase in intrinsic density, provided flux is allowed between the upper and lower mantle.
At first glance, the along strike variation in slab morphology beneath the Sunda arc appears similar to that beneath the TongaKermadec arc [compare, for instance, Fig. 3 , B through D, with figure 3 of (13)], but we argue that the deep Sunda slab evolved differently. Kinks in the subduction trajectory beneath southwestern Pacific island arcs were explained by retrograde motion, or roll back, of the slabs in a dynamically self-consistent way, causing oceanward trench migration and concurrent back arc spreading. Lateral variation in the shape of lab was explained by trench rotation ac11Pompanying changes in plate motion (12, 13) . As a result of the rotation, the Tonga trench has remained orthogonal to the direction of subduction. In contrast, the Sumatra trench is oblique to the presentday direction of plate motion, and from the difference in the strike of the high-velocity anomalies in the upper ( Fig. 2A ) and lower mantle (Fig. 2C ), we infer a clockwise rotation of the shallow slab relative to the deep slab. The inference that the strike of the lower mantle slab is consistent with the present-day direction of subduction of the Indo-Australian Plate beneath Eurasia (30, 31) suggests that the rotation cannot be explained by a change in the direction of the relative motion of the major plates. Instead, we postulate that the rotation of Sumatra relative to the deep slab may have been caused by the northward movement of India during the Early Tertiary (3) and the wIlision of a mid-oceanic ridge complex lifith the volcanic arcs of western Indonesia (2-4, 32). The resulting escape tectonics in southeastern Asia (2, 3) included clockwise rotation of tectonic units in Indochina and Indonesia and is nicely illustrated by corn- (Fig. 4) owing to the large negative buoyancy of the old oceanic lithosphere (5), which may have facilitated the oceanward migration of the eastern part of the Sunda arc and, consequently, the kinking of the slab.
The discussion of the slab detachment beneath Sumatra is still tentative. From finite element modeling, Cloetingh and Wortel (5) inferred a small slab pull for Sumatra and a large increase in tensional stress in the region just east of 105°E, that is, western Java, and the regions of either detachment or continuity of the Sunda slab as inferred from the tomographic images correlate well with the tectonic stress perpendicular to the Sunda arc (Fig. 4) . At this stage, we can only speculate on the evolution of the slab detachment. It is possible that the detachment was triggered by the Early Tertiary arrival of the oceanic spreading center at the western Sunda trench. forces can also result in more pronounced slab roll back and oceanward trench migration, which has been invoked to explain block rotations in the Mediterranean region. In our case, the hinge region is near the transition from Sumatra to Java, close to 105°E. 36. We gratefully acknowledge J. Weekes for the excellent picking of phase arrivals in the Sloppy records that were used in this study; B. L. N. Kennett, K. C. Creager, 0. Gudmundsson, and anonymous referees for reviews; G. Nolet for providing us with his LSOR inversion code; and E. R. Engdahl for early versions of our hypocenter and phase data set. We thank C.
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